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The MINOS experiment utilizes the NuMI beam of muon neutrinos to study the phenomenon of
neutrino oscillations. Neutrinos are sent over a baseline of 735 km, with a detector near the pro-
duction point at Fermilab and one at the Soudan underground laboratory in northern Minnesota.
By measuring the disappearance characteristic of oscillations, MINOS has made the best mea-
surement of the atmospheric neutrino mass splitting to date. By looking for electron neutrino
appearance, a limit has been placed on the the mixing angle sin2(2q13) of < 0:29 at 90% c.l. (for
dCP = 0 and normal mass hierarchy). A study of neutral current interactions has allowed limits to
be placed on the existence of additional, sterile neutrino avours beyond the three of the standard
oscillation model. Using the 7% muon antineutrino component of the beam, the rst direct ob-
servation of muon antineutrinos in a long baseline experiment has been made, along with direct
limits on the antineutrino oscillation parameters. In September 2009, the current in the NuMI fo-
cusinghornswill bereversedtobeginrunningwith adedicatedantineutrinobeam. Thiswill allow
the rst precision measurements of the atmospheric-regime antineutrino oscillation parameters,
an important test of CPT-invariance in the neutrino sector.
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1. The MINOS Experiment
MINOS is a long baseline neutrino oscillation experiment. It utilizes the NuMI beam of pre-
dominantly muon neutrinos, produced at Fermilab from 120 GeV protons incident on a segmented
graphite target. A near detector placed 1 km from the target measures the neutrino energy spec-
trum before oscillations have occurred. The far detector, 735 km from the target, in the Soudan
mine, Minnesota, again measures the energy spectrum and a comparison of the two spectra will
show any decits or excesses resulting from oscillations. This two-detector arrangement allows
many sources of systematic uncertainty, such as in the neutrino ux or cross sections, to cancel.
The detectors are tracking, sampling calorimeters consisting of alternate planes of steel and
scintillator strips [1]. A  1:3T magnetic eld allows particle charge separation and momentum
measurement.
2. nm Oscillation Analysis
Figure 1 shows the charged current (CC) nm energy spectrum measured at the far detector: 848
events are observed. Also shown is the prediction obtained from the near detector in the case of no
oscillations: 106560 events are expected, showing a clear energy-dependent decit attributable
to oscillations. The data are t to the oscillation hypothesis in the two-avour approximation
P(nm ! nm) = 1 sin2(2q23)sin2

1:27Dm2
atmL
E

for the atmospheric neutrino mass splitting Dm2
atm[eV2] and mixing angle q23, where E[GeV] is the
neutrino energy and L[km] the baseline. This yields the best t prediction shown in gure 1. The
measured oscillation parameters are Dm2
atm = 2:430:1310 3 eV2, sin2(2q23) > 0:9 (90% c.l.)
[2]. The oscillation parameter space allowed by the data is shown in gure 2 and compared to
results from other experiments.
The data were also t for the alternative disappearance models of pure neutrino decay [3] and
pure decoherence [4]. Decay is disfavoured at 3:7s, decoherence at 5:7s.
3. Muon Antineutrinos
The NuMI beam contains a 7% background of muon antineutrinos. In the CC interaction n m +
X ! m++X0 a positive muon is produced. The magnetized detectors allow this to be distinguished
from the negative muon produced in CC-nm interactions. The resulting sample of CC-n m events,
with a purity of 97%, allows the same oscillation analysis to be performed as for the CC-nm events.
However the statistics are considerably lower, and in addition the peak of the n m spectrum is at
 8GeV, away from the expected signal region (for the nm oscillation parameters, the oscillation
maximum is at  2GeV); the nm result will therefore have much lower precision.
For equal nm and nm oscillation parameters, the far detector prediction is shown in gure 3;
58:3 7:6(stat.) 3:6(syst.) events are expected (for no oscillations, the expectation is 64:6 
8:0(stat.)3:9(syst.)). The far detector data is also shown in gure 3: 42 events are observed. The
decit in the event rate, visible over all energies, is at the level of 1:9s. Using equation 2 to t for
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Figure 1: Thereconstructedenergyspectrumofse-
lected charged current nm events at the far detector,
also showing the prediction in the case of no disap-
pearance and the best t to oscillations.
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Figure 2: Regions of oscillation parameter space
allowed by the MINOS data, compared to other ex-
perimental results.
the oscillation parameters an allowed region is obtained as shown in gure 4; this is consistent with
the nm oscillation parameters at the 90% c.l.. In the gure, the limits obtained are compared with
those from a global t prior to MINOS data [5]; the MINOS data rules out, at high signicance, a
region of previously allowed parameter space. At maximal mixing MINOS disfavours, at 90% c.l.,
Dm2
atm < 2:010 3eV2 and 5:010 3eV2 < Dm2
atm < 8010 3eV2.
MINOS can also place limits on the process nm ! nm: a number of nm have been seen to
disappear, and are assumed to be oscillating predominantly to nt; but this has not been directly
observed. If some were oscillating to nm this would show up as an excess in the nm sample. The
data of gure 4 can be t to a simple parameterization assuming a fraction a of the missing nm
undergo the transition. A limit is obtained of a < 0:026 (90% c.l.).
4. Neutral Current Interactions
The neutral current (NC) interaction rate is unaffected by oscillations between active neutrino
avours. A decit in the neutral current event rate at the far detector would be evidence of addi-
tional, sterile neutrino avours. NC events are characterised by a hadronic shower with no muon
track. They are selected by looking for events shorter than 60 detector planes, then for events
with no reconstructed track, or a track which extends no more than ve planes from the hadronic
shower [6].
Comparing the data with the expectation calculated from the near detector, no decit is seen.
Quantifying the ratio of observed to expected NC events as R, a value R = 1:040:08(stat.) 
0:07(syst.) is observed (integrated over all energies), which is consistent with no mixing to sterile
3P
o
S
(
E
P
S
-
H
E
P
 
2
0
0
9
)
2
7
9
Recent Results from the MINOS Experiment Justin J. Evans
 Energy (GeV) m n Reconstructed 
E
v
e
n
t
s
 
/
 
4
 
G
e
V
0
5
10
15
 Energy (GeV) m n Reconstructed 
E
v
e
n
t
s
 
/
 
4
 
G
e
V
0
5
10
15
0 5 10 15 20 30 40 50
Far Detector Data
No Oscillations
CPT Conserving
Systematic Error
Background (CPT)
MINOS Preliminary
Low Energy Beam
Far Detector
 POT
20 10 ´ 3.2
Figure 3: The nm-CC energy spectrum observed
in the far detector and the prediction with no os-
cillations (red) and with oscillation parameters of
Dm2
atm = Dm2
atm = 2:43 10 3eV2, sin2(2q23) =
sin2(2q23) = 1:0. The blue band encompasses the
total systematic uncertainty on the prediction. The
estimated background in the CPT-conserving pre-
diction is indicated.
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Figure 4: Allowed regions for nm oscillation pa-
rameters from a t to the data in gure 3. Limits
from a global t [5] and the MINOS allowed region
for nm oscillations [2] are also shown.
neutrinos. In the case of q13 at the Chooz limit [7], R is decreased to R = 0:940:08(stat.) 
0:07(syst.) (as the resulting additional CC-ne interactions will be included in the NC sample).
5. ne Appearance Search
If q13 is non-zero, this will cause oscillations through the appearance channel nm ! ne. These
CC-ne events are selected by looking for events with compact electromagnetic showers with a
signal efciency of 41%.
At the near detector, discrepancies are seen between the data and simulated ne-CC-like spectra
at the 20% level; these spectra consist predominantly of CC-nm and NC backgrounds. To correct
the simulation for these discrepancies, data is used with the NuMI focusing horns switched off.
This signicantly changes the contributions of the two background components in a well-modeled
way, allowing a measure of their relative contributions which is used to correct the far detector
expectation. The nal systematic uncertainty on the predicted far detector event rate is 7:3% with
a statistical uncertainty of 19%.
At the far detector, 37 events are seen for an expected background of 275(stat.)2(syst.):
a 1:5s excess. The resulting t to an oscillation model is shown in gure 5, compared to the limit
from Chooz [7].
4P
o
S
(
E
P
S
-
H
E
P
 
2
0
0
9
)
2
7
9
Recent Results from the MINOS Experiment Justin J. Evans
Figure 5: The MINOS 90% allowed regions for
sin2(2q13) for the normal (blue) and inverted (red)
mass hierarchies. Also shown are the MINOS best
t value (black) and the Chooz 90% limit (grey).
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Figure 6: The MINOS sensitivity to nm oscillation
parameters for the 7% nm background in the NuMI
nm beam(black)andfordedicatednm running(blue
and red). One year of nm running corresponds to
 2:01020 protons on target (POT).
6. The Future
The analyses presented above have used a dataset of 31020 protons on target (POT). As of
the June 2009 shutdown, MINOS has recorded 71020 POT. Work is underway to update all these
analyses with this doubled dataset; results are expected by the summer of 2010.
In September 2010, the current in the NuMI focusing horns will be reversed, producing a
nm beam. This will allow MINOS to obtain a greatly enhanced n m sample, concentrated around
the expected oscillation maximum. With this, MINOS will make the rst ever precision measure-
ment of the atmospheric neutrino oscillation parameters in the atmospheric regime, being able to
precisely test CPT conservation in the neutrino sector. After one year of data-taking ( 21020
POT), nm oscillations can be observed at the 5s level. Figure 6 shows the MINOS sensitivity to n m
oscillations, compared to the current sensitivity using the n m background in the NuMI nm beam.
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